ABSTRACT
INTRODUCTION

23
Malaria is a widespread infectious disease transmitted by the Anopheles mosquito which caused an 24 estimated 219 million cases and 435,000 malaria-related deaths in the year 2017 (1). It is caused by 25 various Plasmodium species with P. falciparum and P. vivax being the two most widespread and deadly 26 for humans (2). Over the years, varying degrees of resistance have emerged in Plasmodium against all 27 drugs used for treating malaria. Hence, it is a race against time to find new treatments, and this requires 28 an understanding of malaria biology, and more specifically, the characterisation of genes and their 29 functions in order to develop drugs that target genes responsible for pathogenicity.
30
Despite the availability of genomes of the various Plasmodium parasites for already more than a 31 decade, many of the genes have unknown functions. These genes are often parasite-specific (3), thus 32 making conventional gene function prediction methods which are based on homology to genes from other 33 organisms less efficient. To this end, alternative methods for gene function prediction such as gene co-34 expression networks have been developed. The rationale behind using gene co-expression networks 35 stems from the observation that functionally related genes have similar gene expression profiles (4).
36
Thus, by identifying clusters of genes that have highly similar expression profiles, we attain groups of 37 functionally related genes where the function of uncharacterised genes can be inferred from its 38 neighbours.
39
We have built the database Malaria.tools (https://malaria.tools) based on the CoNekT database 40 framework (5) using publicly available RNA sequencing data of two model Plasmodium species. This 41 database calculates gene co-expression networks from gene expression data obtained from more than 42 800 experiments and contains multiple tools to predict gene function from co-expression network 43 neighbours, co-expressed clusters and specific expression profiles. Additionally, an in-built phylogenetic 44 tree function combined with gene expression comparison allows Plasmodium researchers to identify orthologs of P. falciparum genes. Malaria.tools provides the malaria research community a comprehensive and highly valuable resource for an efficient characterisation of genes based on their expression profile, and will aid in the identification of potential drug targets in silico in the race for new 48 antimalarial drugs.
50
MATERIALS AND METHODS
51
RNA sequencing experiments for P. falciparum and P. berghei were downloaded as fastq files from 52 European Nucleotide Archive (ENA) (6) via aspera v3.8.1.160447. For paired end experiments, only the 53 file containing the first read, designated with "_1" was downloaded. To remove possible RNA 54 contaminants from the parasite's hosts, the reads were mapped first against human and mouse for P. 55 falciparum and P. berghei, respectively. The unmapped reads were then mapped against the mosquito 56 vector. Human mosquito vector was used for both Plasmodium species as the CDS of the mouse 57 mosquito vector was unavailable. Unmapped reads were mapped against the respective Plasmodium 58 species, and experiments with at least 1 million reads and 50% of reads mapped to the Plasmodium 59 species were used to construct the database.
60
The mapping was done using kallisto v0.44.0 (7). Kallisto index files were generated for Homo 61 sapiens (GCF_000001405.38), Anopheles gambiae (GCF_000005575.2), P. falciparum 3D7 and P. BAM files were written into a new fastq file using samtools v1.9-52-g651bf14 (8).
66
In total, 206 experiments from P. berghei ( Figure S1A ) and 620 experiments from P. falciparum 67 ( Figure S1B ) were included in database and annotated based on the information available from NCBI Table S1 for P. berghei and Table S2   72 for P. falciparum. Highest Reciprocal Rank (HRR) co-expression networks were then constructed (9).
73
CDS sequences, description and associated GO terms for the 8 species in the database were 74 obtained from the various sources described in Table 1 . Superfamily and Pfam domain annotations from 75 interproscan v5.32-71.0 (10) were used as sequence description when descriptions were not available.
76
Orthologous groups of genes (Supplementary Table S5 ) and phylogenetic trees were obtained from 77 Orthofinder v1.1.8 (11) using BLAST for sequence similarity inference with default settings. The 78 database was based on the CoNekt database framework (5) with default settings, where Heuristic Cluster
79
Chiseling Algorithm (HCCA) (9) cluster size was limited to 100 genes. Experiments involving wild type gametocyte and female gametocyte) and used to calculate tissue specificity. Nucleotide and protein blast databases for blastn and blastp were created using makeblastdb v2.9.0+ (12).
RESULTS
84
Malaria.tools offers a wide selection of tools to query the database. For example, the user can find the 85 genes of interest by using BLAST, gene IDs (e.g., PF3D7_1223100) and keywords (e.g., rhoptry). Genes 86 that work together in a specific biological process or contain a particular domain can be identified by 87 querying the database with Gene Ontology terms (e.g., GO:0009405) or a Pfam domain (e.g.,
88
VSA_Rifin), respectively. The database offers multiple comparative genomic and transcriptomic tools that 
106
In both expression profiles, we observed that PF3D7_1223100 and its co-expressed genes are 107 expressed in all major life stages with particularly high expression in the schizont stage ( Figure 1A,B) .
108
Next, we retrieved publications on the functional characterization of the genes and we found that the 109 highly studied genes are clearly associated with functions important for erythrocyte invasion. The genes 110 can be classified into 3 major groups relating to motility, cytoadherence and erythrocyte invasion. Genes 111 relating to the glideosome complex [PF3D7_0918000 (GAP50) (13), PF3D7_1323700 (GAPM1) (14) 
194
To learn more about the function of these four clusters, we investigated their expression profiles.
195
While cluster 2 from P. berghei and cluster 12 from P. falciparum show ubiquitous expression at all life 196 stages of malaria ( Figure 3A ), cluster 7 from P.berghei and cluster 2 from P. falciparum show ookinete-
197
and sporozoite-specific expression respectively. Since ookinetes and sporozoites are mosquito stage-198 specific (ref), we speculate that the two Plasmodium species have at least two types of micronemes, one 199 being ubiquitously expressed (clusters 2 and 12) and another being mosquito-specific (clusters 7 and 2).
200
We further investigated the putative function of the ookinete-specific cluster 7 from P. berghei 
216
CONCLUSIONS
217
The lack of comparative genomic and transcriptomic resources for malaria prompted us to construct 218 malaria.tools, a state-of-the-art database containing a wide range of user-friendly features. Parasitol., 41, 1029-1039. Figure S1 Figure 3 
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